Background: Occupational exposure to manufactured nano-objects and their agglomerates, and aggregates (NOAA) has been described in several workplace air monitoring studies. However, data pooling for general conclusions and exposure estimates are hampered by limited exposure data across the occupational life cycle of NOAA and a lack in comparability between the methods of collecting and analysing the data. By applying a consistent method of collecting and analysing the workplace exposure data, this study aimed to provide information about the occupational NOAA exposure levels across various life cycle stages of NOAA in the Netherlands which can also be used for multi-purpose use. Methods: Personal/near field task-based exposure data was collected using a multi-source exposure assessment method collecting real time particle number concentration, particle size distribution (PSD), filter-based samples for morphological, and elemental analysis and detailed contextual information. A decision logic was followed allowing a consistent and objective way of analysing the exposure data. Results: In total, 46 measurement surveys were conducted at 15 companies covering 18 different exposure situations across various occupational life cycle stages of NOAA. Highest activity-effect levels were found during replacement of big bags (<1000-76 000 # cm −3
IN TROD UCTION
The growing production and use of nano-objects and their agglomerates and aggregates (NOAA) (ISO, 2012) potentially pose a risk for workers who are frequently exposed to NOAA during the production and handling of these NOAA or the products they are incorporated in. For safe innovation, it is essential to gain more insight into the occupational exposure situations and levels to manage the potential risks of working with NOAA.
Currently, there are >40 peer-reviewed papers describing inhalation exposure to NOAA at workplaces. Since, these workplace air measurements are relatively complex and expensive to conduct, industry will benefit greatly from exposure situation wide assessment and exposure models to estimate worker exposure. Nano-specific conceptual worker exposure models have already been developed . However, general conclusions and fine-tuning/ calibration of such models are being hampered by various factors. Firstly, there is a limited amount of data that describes occupational exposure over the life cycle of NOAA. Most of the workplace measurements focussed on exposure situations during small-scale production of NOAA or research and development resulting in little information about exposure occurring in the phases after the actual production, i.e. downstream use (Kuhlbusch et al., 2011; Clark, 2012) . Secondly, there is a lack of comparability between the different exposure studies, despite international initiatives that have been launched to harmonize measurement strategies, which complicates data pooling (Brouwer et al., 2012) . Thirdly, the lack of a harmonized approach also results in inconsistent and often limited collection of contextual information needed to describe/classify the exposure situation and interpreting the results. Consequently, there is an urgent need for comprehensive exposure studies across the occupational life cycle of NOAA with a consistent collection and analyses of workplace exposure data and contextual information.
Gaining an overview of the potential exposure situations across the occupational life cycle of NOAA and industries involved in processes with nanomaterials is a primary step in such exposure studies. Several surveys have been published giving nationwide information about the NOAA exposure situations, i.e. France (INRS, 2007) , Swiss (Schmid and Riediker, 2008; Schmid et al., 2010) , UK (Aitken et al., 2006) , and the Netherlands (Borm et al., 2008; Bekker et al., 2013) . The surveys conducted in the Netherlands showed that ~3000 workers are potentially exposed to NOAA within a wide range of industrial sectors. The present exposure study provides information about the occupational exposure levels within the identified exposure situations across various life cycle stages of NOAA in the Netherlands. In order to provide exposure data that can be used for multi-purpose use (i.e. exposure modelling, exposure situation wide risk assessment, and epidemiological studies), this exposure study provides systematically collected multi-source workplace exposure data using a consistent measurement strategy covering different nanomaterial types and exposure situations. In addition, detailed contextual information was gathered using in-depth questionnaires to be able to give a comprehensive description of the exposure situation. A secondary aim was to integrate the results of the different data sources into a decision logic allowing a consistent and objective way of analysing the multisource exposure data.
M ATER I A L S A ND M ETHODS

Selection of companies
In order to get a comprehensive overview of the occupational exposure levels in the Netherlands across various life cycle stages of NOAA, overviews of the exposure situations and relevant industrial sectors involved in processes with NOAA identified by Borm et al. (2008) and Bekker et al. (2013) served as a basis for the selection of companies. Borm et al. focussed mainly on the production of NOAA and formulation of nano-intermediates whereas Bekker et al. focussed on the stages of the life cycle after the actual production, i.e. downstream use of NOAA during the production and professional application of NOAA containing products. The processes occurring in the last phase of the occupational life cycle of NOAA (i.e. fracturing/ abrasion of NOAA containing products and end-oflife activities like recycling, incineration, and waste disposal) were not included in the two surveys. Borm et al. (2008) concluded that only a limited number of Dutch companies produce NOAA and when they do, it involves only small quantities for own use (R&D). Both surveys showed that the majority of the identified exposure situations involve the application of coatings and handling of bulk nanomaterials or nanocomposites for the production of NOAA-containing products which both take place in a wide range of industrial sectors. The most dominant (industrial) sectors identified are academic and research sector, shoe repair shops, material development/production, surface protection/coating/paint, toner/ink, automotive, construction, metal, and textile cleaning industry. Most pronounced NOAA identified are silica (SiO 2 ), titanium dioxide (TiO 2 ), zinc oxide (ZnO), aluminium oxide (Al 2 O 3 ), and carbon black. Other NOAA used are silver (Ag), carbon nanotubes (CNT), and ferric oxide (Fe 2 O 3 ).
Within the identified (industrial) sectors, companies were contacted based on indications that nanomaterials or nano-enabled products are applied or produced within that company, i.e. information available on the company's website, presence of a company's representative on nano-oriented conventions/workshops, and participation in other studies focussing on NOAA. The companies were selected for exposure measurements after a detailed inventory of materials and products used (i.e. product or material safety data sheets, product label, technical specification). In order to expand the search area accounting for logistical considerations companies in Belgium were taken into account as well.
Measurement strategy
A multi-source exposure assessment method was applied and an extensive set of contextual information was gathered following the recommendations resulting from a series of international workshops on the harmonization of strategies to measure and analyse occupational exposure to NOAA (Brouwer et al., 2012) . Task-based measurements were conducted to evaluate the contribution of the specific activity to potential worker exposure.
Personal breathing zone measurements
Side-by-side measurements were conducted for online and offline characterization of particles present in the personal breathing zone (PBZ) of the worker, which is defined as the zone within a 0.3 m radius of a worker's nose and mouth.
For online characterization, the worker conducting the activities with NOAA (-containing products) was equipped with a portable direct reading device, Nanotracer (Philips Aerasense) which measures the particle number concentration (Φ = 10-300 nm) with a response time of 16 s.
Offline characterization and elemental analyses were conducted to obtain information concerning the size, morphology, and chemical composition of the particles in the PBZ of the worker. Samples for offline characterization were collected on nickel coated polycarbonate filters (0.4 µm 25 mm, Nuclepore, flow rate of 1 l min −1 ) using an IOM sampler. The filters were analysed using a Scanning Electron Microscopy combined with Energy Dispersive Analysis of X-radiation (SEM/EDX). At least one hundred random selected fields of the filter are manually screened for nanosized particles (<100 nm) or agglomerates/aggregates consisting out of nano-sized particles. The identified nano-sized particles are analysed with EDX to characterize the elemental composition, i.e. physico-chemical characterization.
Near field measurements
The NanoID NPS500 (Naneum) was used to measure real-time the particle size distribution (PSD; Φ = 5-500 nm) with a response time of ~90 s. Although this direct reading device is more portable and less bulky than the conventional SMPS, it could not be used for personal measurements due to its size and weight [30(L) × 33(W) × 26(H) cm, 7 kg]. Therefore, the NanoID NPS500 was placed as close to the worker as possible [within 1 m, near field (NF) measurement] at ~120-140 cm above floor level. Whenever the worker moved from one place to the other, the NanoID NPS500 was moved as well to keep the distance between the worker and the instrument <1 m.
Background measurements
Two methods were applied to distinct the background concentration, i.e. near field-far field approach.
The near field approach was applied by monitoring the concentration airborne particles at the workplace right before the activity involving NOAA started and comparing this with the PBZ/NF measurements during the activity. The background measurements lasted at least 20 min and were conducted with the same set of instruments as the PBZ/NF measurements, i.e. Nanotracer, NanoID NPS500, and samples collected on filters for SEM/EDX analyses. The duration of PBZ/NF measurements was dependent of the duration of the activity itself. To minimize the interference of other activities, it was attempted to schedule the measurements at a (Monday) morning after a night or weekend without activity.
This NF approach could only be applied if it could be assumed that the background concentration remained relatively stable throughout the measurements period, i.e. concentration measured prior to the activity was relatively stable and there were no secondary sources present. Otherwise, the background concentration was measured simultaneously with the PBZ/NF measurements at a selected far field reference location. The reference location was chosen on the condition that it had to be representative of the workplace environment where the activity took place but that the concentration airborne particles was not influenced by the activity with NOAA itself, and was therefore dependent of the circumstances, e.g. room volume, wind direction. Background concentration at the far field location was done with the Nanotracer and samples collected on filters.
The size distribution of the background particles was not available for all measurements because the particle number concentration of the background particles was under the limit of detection (n = 6), or the NanoID NPS500 was not available (n = 11).
Contextual information
For each set of measurements, a structured questionnaire was used to systematically collect detailed contextual information, e.g. information about the product used, activity description, risk management measures, secondary sources, etc. (see Supplementary Table S1 , available at Annals of Occupational Hygiene online). The set of contextual information is in line with the NECID (Nano Exposure and Contextual Information Database) structure, which has been developed and is currently being used in Europe as a harmonized structure for storage of exposure measurement data (Pelzer, 2013) . This will enable the future comparison and pooling of data. During the task-based measurements, a detailed time-activity log was kept to support the data analysis.
Categorization of exposure situations
Exposure situations across the various occupational life cycle stages were characterized by different generation mechanisms that determine the emission at the source and therefore exposure characteristics, e.g. extent of emission, characteristics of the emitted particles. Based on the conceptual model for exposure to NOAA we categorized the measured exposure situations into four 'source domains (SD)' relevant in the various life cycle stages of NOAA: i.e. production of nanomaterials (SD1), handling of bulk nanopowders (SD2), handling of powder intermediates/ready-to-use products (SD3a), handling of liquid intermediates/ready-to-use products (SD3b), and fracturing/abrasion of nano-enabled products (SD4).
Evaluation of multi-source measurement results
Because a multi-source measurement strategy was used, a decision logic is proposed based on (Brouwer, 2013) in order to combine the results of the offline analysis, online analysis, and the contextual information. The proposed decision logic enables to determine (i) whether there is a likelihood of significant exposure to NOAA induced by the NOAA activity, and (ii) the concentration level associated with the activity with NOAA (i.e. activity-effect level). To do so, results from the different information sources were interpreted as described below:
• Offline analysis (SEM/EDX): Filters collected in the background, i.e. during non-NOAA-activity or collected in the far field, and PBZ were evaluated on the presence of the NOAA of interest leading to three scenario's: (i) the NOAA was present on the PBZ filter and not on the background filter, (ii) the NOAA was present on both the background and PBZ filter, and (ii) the NOAA was present on neither the background nor the PBZ filter. • Online analysis (particle number concentration, Nanotracer): A second-order moving-average (MA) model, which had the most appropriate fit to the real workplace dataset, was fitted to each time series dataset after particle number concentrations were transformed (i.e. log-transformation) to stabilize variance across time (Klein, 2011) . The model included two MA terms and a binary, time-varying regressor that indicated for each time point whether it was a background or activity measurement. The model provided an estimate for the average background concentration and the activityeffect levels (i.e. the average difference in concentration between background and activity) and the overall variance over time.
We looked whether the activity-effect was significant (P < 0.05) taking into account the variance of the background and activity concentration. The P value and model fit (R 2 ) of each time series can be found in Table 2 .
• Online analysis (PSD, NanoID NPS500):
The shift of the geometric mean diameter (GMD) of the PSD in the NF and background was evaluated.
• Contextual information: The presence of secondary sources during the activity prohibits to firmly conclude that the presence of NOAA in the PBZ during the activity was due to the activity measured. Whenever there were secondary sources present, likelihood of exposure to NOAA induced by the NOAA activity was assessed as possible/not excluded.
Overall, significant exposure to NOAA induced by the NOAA activity was concluded to be likely when NOAA was present on the PBZ-, but not on the background filter, the activity-effect was evaluated to be statistically significant and there were no secondary sources observed. When there were secondary sources observed, the elevated particle number concentration during the activity could not be exclusively associated with the NOAA activity and therefore significant exposure to NOAA induced by the NOAA activity was considered to be possible/ not excluded. Whenever the NOAA of interest was found on both the PBZ-and background filter, it could not be concluded nor ruled out that the concentration measured with the direct reading devices was induced by the NOAA activity. Therefore, likelihood of significant exposure to NOAA induced by the NOAA activity was considered to be presumable (when activity-effect was significant) or possible/not excluded (when activity-effect was not significant or when there were secondary sources present). It has to be noted that the distinction between presumable and likely is driven by the presence of the NOAA of interest on the background filters. In both categories workers are exposed to significantly increased concentration levels; however, the distinction in these two situations is made by the source of exposure, i.e. exposure is solely induced by the NOAA activity (likely) or exposure could also be induced by other processes like resuspension and intrusion from outside air (presumable).
Lastly, significant exposure to NOAA was concluded to be unlikely when the NOAA were found on neither the background nor the PBZ filter. A significant activity-effect level indicated the emission of other nano-sized particles during the activity, i.e. process-generated nanoparticles (PGNP). The decision logic is summarized in Table 1 .
Since evaluation of the PSD revealed in most case no shift during background and NOAA activities, the PSD was left out from the decision logic (see paragraph 'measurement results -particle size distribution' for more details).
R E SULTS
General description of measured exposure situations In this exposure study, conducted in 2010-2014, a total of 46 measurements were performed in 15 different companies. These included 12 industrial companies and 3 universities/research facilities. The measurements covered 18 different exposure situations which are categorized into the four source domains. In line with the findings of Bekker et al. and Borm et al. , the majority of the measurements involved handling of bulk nanopowders and intermediates for the production of nano-enabled products (31/46 measurements, SD2/3a) and application of coatings (6/46 measurements, SD3b). Only a limited number of measurements were conducted involving the production of nanomaterials (1/46 measurements, SD1) and fracturing and abrasion of nano-enabled products (2/46 measurements, SD4). The remaining measurements involved handling of liquid intermediates/ ready-to-use products for various purposes (6/46 measurements, SD3b).
The measurements took place in a wide range of (industrial) sectors, i.e. academic and research sector, material development/production, surface protection/coating, paint, toner/ink, electronics, plastics/synthetics, and construction industry. No measurements were conducted in the shoe repair shops because the duration of the activity (i.e. water-proof spraying of shoes lasting 5 s) appeared to be too short for a representative measurement. In addition, the use of the nano-enabled product appeared to be still in a pilot phase for the automotive, metal, and textile cleaning industry.
The most dominant nanomaterial used was silica (35%). Other nanomaterials used were metals (26%, TiO 2 , Al 2 O 3 , ZnO, and Ag 2 O), carbon-based particles (26%, CNT, carbon black, graphene platelets), and miscellaneous materials [13%, calcium carbonate (CaCO 3 ) and cerium oxide (CeO 2 )]. Quantities handled ranged between a few grams/litres (e.g. weighing of powder or sonication) and a few dozen kilograms/ litres (e.g. powder dumping or spray coating).
The majority of the measurements took place indoors (42/46 measurements) where general exhaust ventilation was always present and local exposure controls [local exhaust ventilation (LEV) or containment of the source] were used in most of the cases with an exception of two big bag replacement measurements (#6 and 32), three cleaning activities (#20-22), and four coating applications (#33-35, 38).
Overall, the source was in front of the worker at or below shoulder level and approximately within 1 m distance of the worker. None of the companies used separation or segregation to minimize exposure and only on one occasion (#9) a suppression technique was used by spraying water while dumping a powder in order to reduce emission levels. Respiratory protective equipment (P3 dust-, half-or full face mask and P2 dust mask) was used in 83% of the measurements. Table 2 gives an overview of all measured exposure situations.
Measurement results
Offline characterization and elemental analyses (SEM/EDX)
The results of the offline characterization of the filters are shown in Table 2 . The offline analyses of the background samples showed that nano-sized particles (not necessarily NOAA) were always present in the background air. Most of the time these included clusters of soot particles which are probably emitted by the traffic outside or diesel engines of machines used within the company itself. Fourteen background samples also contained the NOAA of interest. Although the measurements were taken after a period (night or weekend) of no activity, the rooms in which these processes took place were contaminated and deposited particles were probably resuspended into the air by worker movement or other airflows. NF (<1 m of worker). BG, background; CI, confidence interval; GSD, geometric standard deviation; <LOD, concentration particles (10-500 nm) below limit of detection; n.a., not available; (PGNP) , indication of emission of process-generated (nano)particles ( The NOAA of interest was found on 31 out of 46 PBZ filters (67%) including the 14 of which the NOAA was already present in the background concentration. NOAA were present on the filters mainly as clusters (agglomerates and aggregates) in a size range of 50 nm-100 µm. Primary particles were found on the PBZ-filters sampled during, manual dumping of titanium dioxide powder (#9 and #10), dumping and mechanically mixing of nano-silica powder (#32), and during spraying of nano-concrete (#42).
Particle number concentration
The background particle number concentration differed between the various measurement locations with average concentrations between the 500-85 000 # cm −3 . Not surprisingly, clean rooms and laboratories showed the lowest background concentration while highest background concentrations were found in industrial production halls and near busy roads. Average concentration levels in the PBZ during the activities (corrected for the background concentration) varied between the no elevated concentration and ~800 000 # cm . The activity-effect was significant (P < 0.05) during 24 of the 46 measurements (52%). Highest levels were found during manual/mechanical dumping of powder and spray activities, while lowest levels were found during production, weighing/analysing powder, cleaning activities, brushing and rolling of a coating, sonication, melt blending, and cleaving. Since direct reading devices cannot make a distinction between the various particles present in the air, the measured concentration levels consisted of the NOAA of interest and other (nanosized) particles emitted during the activity, i.e. PGNP originating from the product and machines used. This was particularly the case for the exposure situations occurring in SD3a, SD3b, and SD4.
Particle size distribution
The GMD of the PSD varied between the 20-114 nm (background) and 21-84 nm (activity, NF). In the majority of the measurements, the GMD of the particles in the NF during the activity was comparable (<10 nm difference) to the GMD of the background particles. Looking at the individual graphs of the size distributions (graphs not presented), not only the GMD but the whole pattern of the size distributions of the particles in the background and during the activity were comparable. The largest shift was during weighing of CaCO 3 (#26) and sanding of CNT (#30) where the GMD during the activity was decreased compared to the background with 35 and 39 nm, respectively. As with the particle number concentration, results reflect the PSD of the NOAA together with other particles in the air.
Likelihood and levels of exposure to NOAA Evaluating the 46 measurements with the abovementioned decision logic let us to conclude that in 15 out of the 46 measurements, significant exposure to NOAA inducted by the NOAA activity was unlikely (33%), that is during the production of the NOAA (SD1) both measurements involved with fracturing and abrasion of nano-enabled products (SD4) and all measurements conducted during brushing and rolling and sonication (SD3b). In the remaining 31 measurements, significant exposure to NOAA inducted by the NOAA activity was concluded to be likely (28%), presumable (15%), or possible/not excluded (24%). Fig. 1 illustrates the activity-effect levels (i.e. the difference in geometric mean concentration between background and activity as estimated with a MA model), for the 31 measurements of which the exposure to NOAA was evaluated as likely, presumable or possible/not excluded. Highest activity-effect levels were found during replacement of big bags (<1000-76 000 # cm ). In most of measurements within these exposure situations it is likely or presumable that the increased concentrations are induced by the activity with NOAA which strengthening the conclusion that these large scale/high-energy activities could cause exposure to NOAA. Overall, the exposure levels varied considerably between and also within the various exposure situations.
Low to no elevated concentrations were found during analysing powder, and drying of a nano-dispersion. In the majority of the measurements within these exposure situations the association between the increased concentration and the activity with NOAA was weak (i.e. possible/not excluded).
For six measurements the concentration in the PBZ was not elevated compared to the background concentration although the NOAA of interest was found on the PBZ-filter. This could be explained by various factors, i.e. small amounts used (#29), LEV during activity and not during background measurements (#44), and secondary sources effecting the background measurements (#5, 15, 24, and 36) .
DISCUSS ION
In this exposure study a relatively large quantity of multi-source workplace exposure data has been systematically collected in a wide range of workplaces providing a comprehensive overview of the relevant exposure situations and occupational exposure levels to NOAA across various life cycle stages of NOAA in the Netherlands. In addition, a decision logic integrating the results of the different data sources was applied allowing a consistent and objective way of determining the likelihood of exposure for the specific scenarios across various occupational life cycle stages of NOAA.
Personal inhalation exposure was measured in 46 measurement surveys conducted at 15 companies covering 10 different nanomaterials and 18 exposure situations across various life cycle stages of NOAA. Highest exposure levels which could be associated with the activity with NOAA were found during spray activities, replacement of big bags, manually or mechanically dumping and mixing of powders. Exposure to NOAA was concluded to be unlikely during the production of nanomaterial, fracturing and abrasion of nano-enabled products, brushing and rolling, and sonication of a liquid nano-dispersion. Results show not only a substantial variability in exposure levels between but also within the different exposure situations. Irrespective of whether the particle number concentration increased, during the majority of the measurements the size distribution of the particles did not change due to the activity, i.e. PSD during the activity was comparable to those of the background (GMD and pattern). The NOAA of interest was mostly present in the breathing zone of the worker as agglomerates/aggregates and occasionally single nanoparticles were detected.
Exposure situations measured covered various occupational life cycle stages of NOAA; however, the number of measurements during production of nanomaterials (n = 1) and fracturing and abrasion of nanoenabled products (n = 2) was limited. The aim of the present study was to provide an overview of the occupational exposure levels within the Netherlands and Borm et al. showed that production of nanomaterials do not regularly occur within Dutch companies. In the Figure 1 Overview of the activity-effect levels (i.e. the difference in geometric mean concentration between background and activity as estimated with a second order moving average model) per exposure situations of which significant exposure to NOAA inducted by the NOAA-activity was concluded to be likely (box), presumable (line), or possible/not excluded (star).
literature, there are multiple published studies describing the results of measurements conducted during the production of nanomaterials. It can be concluded that release of NOAA can occur in case of an open production process with particle number concentrations found up to 4 × 10 6 # cm −3 (Walser, 2012) . In exposure situations with a closed production line, like the exposure situation measured in this exposure study, there is in general a good containment of the process (Kuhlbusch and Fissan, 2006; Bello et al., 2009) and release of NOAA is only likely to occur after opening the reactor, e.g. for collecting test samples (Manodori, 2009; Park, 2009; Methner et al., 2010) or in case of a leak or spill (Kuhlbusch and Fissan, 2006) .
Exposure during fracturing and abrasion of nanoenabled products was measured on two occasions in which both exposure to NOAA was concluded to be unlikely. It is realized that these processes and other so-called end-of-life activities (i.e. recycling and waste treatment processes) probably take place more commonly than implied by this study and may involve potential risks for the workers involved with these activities. These processes take place (almost) at the end of the life cycle and as the cycle progresses, the specific product information about the products decreases. Due to lack of product information and specific knowledge about the composition of the product by both employers and employees, it is currently difficult to identify these end-of-life processes with NOAA-enabled products. Four studies published support our findings and conclude that NOAA emitted stay embedded in the matrix during fracturing and abrasion activities (Bello et al., 2009; Golanski, 2011; Koponen et al., 2011; Vorbau, 2009) . Four other studies show however the ability of these activities to emit free/unbound NOAA in the air (Huang, 2012; Schlagenhauf et al., 2012; Van Landuyt, 2012; Hirth et al., 2013) . The apparent difference between these results is likely a reflection of the composition and the quality of the polymer, e.g. the dispersion of NOAA in the matrix, degradation of the matrix, etc.
A decision logic, combining the different data sources, was applied allowing an overall evaluation of the likelihood of significant exposure to NOAA induced by the activity with NOAA. This allowed a more appropriate and consistent approach of analysing the time series data than just a comparison of the averages. A key element in this approach is however the fit of the statistical model to the real workplace dataset. In general, the residual plots (not shown) and R-squared values (R 2 , Table 2) show that the MA-model fits the data very well. However, the applied MA model has a poor fit (R 2 < 0.5) to four workplace datasets which are manual dumping of bulk nanopowder (#9-11) and a cleaning activity (#20). Autoregressive or moving average (ARMA) models require more or less stationary data. It was not possible to obtain, even after log-transformation, approximate stationarity of these four time series datasets. Therefore ARMA models are not suitable for these four datasets and possible other statistical methods have to be considered.
A limited change in PSD was found during the activity compared to the background. The size distribution of the particles in the range of 0.05-0.5 µm was measured in the near field compartment. Several factors could affect the concentration level and appearance (agglomeration status) of particles travelling from the near field compartment to the breathing zone of the worker . In addition, the SEM analyses showed that the NOAA of interest is mainly present as clusters up to 100 µm which is above the range of the measurement device used (NanoID NPS500). The results of the SEM analyses also raises questions about concentration levels found by the direct reading device used to measure the particle number concentration (Nanotracer). The Nanotracer measures the particles between the 10-300 nm (according to the manufacturer) and since the SEM analyses showed NOAA clusters up to 100 µm it is likely that the exposure levels reported in this paper are an underestimation. During the measurement period there was no direct reading device nor a combination of direct reading devices available that can be used for personal measurements and measure the entire range of exposure (inhalable fraction, up to 100 µm). If possible, it is advised that future exposure measurements should include the quantification (particle number concentration and size distribution) of these 'coarse' particles and agglomerates.
It has to be noted that the concentration levels presented were measured outside the respiratory protective equipment (RPE). During 83% of the measurements the workers were equipped with RPE (P3 dust-, half-or full face mask and P2 dust mask). For the 17% of the measurements (n = 8, Table 2 ) where no RPE was used, exposure was unlikely in five occasions, could not be excluded in two occasions, and likely in one occasion. Meaning that workers used RPE for the majority of the measurements were exposure to NOAA was considered to be likely, presumable, or possible, not excluded.
In order to identify the most relevant exposure situations, Bekker et al. (2013) classified the exposure situations based on the activity emission potential into high (large scale-and high-energy activities), moderate (relatively high energy activities) and low emission activities (small scale/R&D-and lowenergy activities). In addition to the activity emission potential, the substance emission potential (product characteristics) plays a role as well. Supporting this, highest concentration levels were found during activities with large quantities and high energy and/ or activities where the NOAA was not fully embedded into the product, i.e. replacement of big bags (SD2), manually or mechanically dumping and mixing of powders, (SD 2 and SD3a), and spray activities (SD3b). Lowest concentration levels were found during small scale/R&D-and low-energy activities and/or activities were the product was fully embedded into the product, i.e. production of nanomaterial (SD1), weighing/analysing powder, harvesting, cleaning, melt blending (SD2), brushing and rolling, sonication of a liquid nano-dispersion (SD3b), and fracturing and abrasion of nano-enabled products (SD4). However, a substantial variability was not only shown between but also within the various exposure situations. For example, exposure levels during spraying of a liquid intermediate/ready-to-use product ranged between 2000 and 800 000 # cm −3 and mechanically dumping of a powder between 0 and 100 000 # cm −3 . These findings are supported by published studies reporting concentrations ranging from no elevated concentration up to 10 10 # cm −3 during spraying (Nørgaard et al., 2009; Chen et al., 2010; Hagendorfer et al., 2010; Broekhuizen et al., 2011; Lorenz, 2011; Nazarenko et al., 2011; Quadros and Marr, 2011; Dylla, 2012; Bekker et al., 2014) or up to 10 × 10 6 # cm −3 during activities with nanopowders (Tsai et al., 2008; Johnson et al., 2010; Lee, 2011; Ogura, 2011; Zimmermann, 2012) .
Although the emission potential of an activity can give an impression of the degree of exposure to NOAA, the remaining variability within an exposure situation implies that other factors than the estimated activity emission potential influence the exposure to NOAA at the workplace and contextual information should always be taken into account. More insight into the influence of the factors relevant to NOAA exposure would help to explain the variability within the exposure situations. In addition, workers performing the same task will potentially show considerable differences in average exposure levels (between-worker variability), but will also experience different exposure levels from day-to-day (within-worker variability). The exposure levels which are obtained from only a limited number of measurements might therefore not be representative for that exposure situation. Subsequently, there is a need for repeated measurement designs in order to give a valid estimate of personal exposure during a certain activity taking into account the exposure variability.
In conclusion this exposure study gives a comprehensive overview of the NOAA exposure situations in the Netherlands and good indication of the levels of occupational exposure to NOAA across various life cycle stages of NOAA. A decision logic was followed allowing a consistent and objective way of analysing multi-source exposure data. Despite the consistent approach used for data collection, the online results show a substantial variability of the exposure levels within the identified exposure scenarios. A large database (e.g. NECID database) with consistent collected/analysed workplace exposure data and detailed contextual information would enable future comparison and pooling of data which would be very helpful to gain more insight into the exposure variability. Workplace exposure data and contextual information collected in this study can serve as a basis for such a database. Furthermore, future studies should conduct more detailed analysis of the influence of factors relevant to NOAA exposure (under experimental conditions) for future scenario building and modelling of worker exposure.
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